Summary. The damping wings of spectral line profiles of metals are sensitive to gas pressure and may be used to measure stellar gravity. It is suggested that the method is made insensitive to effective temperature by measuring the metal abundance from weak lines that have the same lower level as the strong damping line. The gravity of Arcturus is determined from the profile of the line 5269.5 Fei, the damping constant having been determined from the profile of the corresponding solar line. The measured gravity is log g = 1.48 ±0.15 corresponding to a mass of 0.61 ±0.32M© for an angular diameter of 0.0201 arcsec. As part of the analysis, the determination of the effective temperature of Arcturus from the flux distribution in its spectrum is rediscussed and a revised value of 4400 ^Iok i s proposed. A microturbulence of 2.2 ± 0.2 km/s is also proposed.
Introduction
An accurate knowledge of surface gravity is necessary for almost all studies of a stellar atmosphere, and more particularly of abundances. Also, a combination of gravity and radius gives the mass of the star, which allows some insight into its age and general evolutionary history. The usual method of determining gravity for a later type star uses the ionization equilibrium, which is sensitive to pressure. But this method suffers from the disadvantage that the ionization equilibrium is also sensitive to temperature. In addition, the method assumes a state of local thermodynamic equilibrium, in which the degree of ionization is calculated using the Saha equation. Following the work of Athay & Lites (1972) on non-LTE in the solar atmosphere, Smith (1974) suggests that non-LTE effects may be important in supergiant stars. A non-LTE model for the upper photosphere and chromosphere of Arcturus has been proposed by Ayres & Linsky (1975) . In this note we consider an improvement in the use of the damping wings of the profiles of strong lines of metals for the determination of gravity, and make a preliminary application to Arcturus, using the fine spectrum that has been obtained by Griffin (1968) 
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The method is well known in principle in its basic form. It depends on the sensitivity of the wing of a strong line to the gas pressure in a stellar atmosphere, and therefore to the surface gravity of the star. The profile of an absorption line can be calculated given a model of the atmosphere together with the microturbulence, f, assuming if necessary a state of LTE. We also need the oscillator strength of the line, its damping coefficient, and the abundance of the element derived from weaker lines that are little affected by microturbulence or damping. The abundance is required in order to calculate the population of the lower level of the damping line from the Boltzmann relation. However, this calculated population will not necessarily be accurate if the abundance of the element is derived from a random set of lines chosen only for their photometric quality, over a range of excitation potentials. For instance, a poor choice of model atmosphere, perhaps arising through an inaccurate assignment of effective temperature, will give an inaccurate calculated population.
In order to reduce the effects of these uncertainties we suggest that the abundance should be measured using only weak absorption lines with the same lower level as the strong line. The abundance determination then refers solely to the level responsible for the damping line. The wavelengths of the two kinds of line should not be too dissimilar so that the continuum opacities are similar. In these circumstances, the method is insensitive to the adopted effective temperature and the ionization equilibrium. The preliminary application described here is concerned only with low-excitation Fe i lines for which accurate oscillator strengths have been measured at Oxford using the absorption technique (Blackwell & Collins 1972; Blackwell et al 1975a Blackwell et al , 1976a . Over this range of excitation there are several groups of Fe i lines that have common lower levels; among them are X3719.9 (strong) with X4347.2 and X 5166.3 (weak), all of which originate from the level a 5 D^. However, we wish to avoid the use of short-wavelength lines (X < 5000 Â) for damping purposes because of the uncertainty in the position of the continuum and in the continuum opacity at these wavelengths. A useful pair of lines at longer wavelengths is X 5269.5 (strong) with X 6221.6 (weak), which originate from the level a s F s . If the condition of an exact sharing of a lower level is relaxed to the extent that the two levels may differ by not more than 0.2 eV (say), then more weak lines become available. The lines that we have used in this analysis are given in The effective temperature of Arcturusdamping wings are 5172.7 Mgi and 8542.1 Can, but these are unsuitable for this particular analysis because there are no weak lines originating from their lower levels. We have derived the damping coefficient of 5269.5 Fei from its profile in the solar spectrum, expressing the results as a value for C 6 . For this analysis we have used the HSRA model for the solar atmosphere (Gingerich et al 1971) , the LTE abundance for iron of 7.50, and the solar microturbulence of 0.8 km/s; both the latter quantities have been derived from low-excitation lines using solar spectra for m ^ 1.0 interpreted with the same model atmosphere (Blackwell et al 1976b) . The analysis included natural damping and van der Waals damping by hydrogen and helium. The oscillator strengths needed in the calculation have been obtained from the Oxford oscillator strength programme (Blackwell et al 1976a) : the value of 7 ra( j is 0.12 x 10 8 s _1 . This programme gives loggf = -1.28 as a preliminary measure for X5269.5. A solar profile for the line has been obtained from the Atlas of Delbouille, Roland & Neven (1973) and from observations made at the Gornergrat Observatory of the Oxford Department of Astrophysics (Blackwell et al 1969) . Fig. 1 shows the observed profile allowing for obvious blends, the continuum level being placed at the position given in the Atlas of Delbouille. The best fit with a damping profile is obtained for C 6 = 9 x lO -33 , and in Fig. 1 we show the calculated profile corresponding to this value of C 6 . The value obtained from the Unsold formula is 7.5 x 10" 32 and the resulting damping parameter at a continuum depth of 0.1, for example, is 6.4 x 10 8 s" 1 .
In this analysis of the solar line and the line in the Arcturus spectrum we assume that the van der Waals component of damping varies with temperature according to the usual relation, i.e. 7 W « V 3/s , where V is the relative velocity of perturbing and absorbing atoms, and hence 7 W « T 3710 . The temperature dependence of y w is important in applying the damping constant derived from the solar atmosphere (r e = 5770K) to the Arcturus atmosphere (T e = 4400 K), but the behaviour of the true damping constant over this range of temperature is not known, either from experimental or theoretical studies. The problem has been discussed clearly by who comments that even a change in the value of n -100 -50 -0 Figure 1 . Observed profile of \5269.5 in solar spectrum (Delbouille et al. 1973) showing calculated profile for C 6 = 9 X 10" 33 (dashed line).
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from 6 to 12 in the interaction relation would lead to a change in damping constant proportional only to r" 011 ; the implication for the present application is that the error due to the temperature extrapolation from the Sun to Arcturus is unlikely to be greater than 3 per cent.
The microturbulence in Arcturus
The microturbulence has been derived using two sets of lines: the weaker lines listed in Table  1 and the stronger lines listed in Table 2 . Laboratory measurement of loggf for both sets of lines is very difficult because of their weakness, even though all are reasonably strong in the spectrum of Arcturus where most of the iron is in the neutral state. We have so far been able to make laboratory measurement of loggf only for the stronger lines of Table 2 , and preliminary results for these lines are included in this table; the probable error in logg/*is set high at 0.05 dex because of the weakness of these lines. Oscillator strengths for lines of Table 1 have been derived from the equivalent widths (all less than 7 mÂ) in the solar spectrum, interpreted with the HSRA model atmosphere with an LTE abundance of 7.50 (Blackwell et al 1976b) . A high probable error of 0.1 dex is suggested for these oscillator strengths because of the weakness of the lines in the solar spectrum. The equivalent widths of the Arcturus lines in Tables 1 and 2 are derived from the Griffin Atlas taking account of published measures (Mäckle et al 1975b) .
Abundances for Arcturus have been calculated using the two sets of lines of Tables 1 and  2 in conjunction with the model atmospheres of Bell et al (1976) using parameters 7; = 4500K, 4000K; log# = 0.75, 1.50, 2.25, 3.00; [A/H] = -0.5 and -1.0 where appropriate. Abundances derived from the stronger lines are very sensitive to microturbulence, as may be seen from Fig. 2 in which the derived abundances are plotted against equivalent width for microturbulent velocities of 1.6, 2.0 and 2.4km/s for a temperature of 4500 K and logg values of 1.50 and 2.25. Microturbulent velocities for the two temperatures of 4500 and 4000 K, derived by interpolating to zero gradient, are 2.25 and 2.13 km/s, showing that the value is not sensitive to the assumed value of T Q or of logg. The value finally adopted is 2.2 km/s. The abundance of iron is found from the six weaker lines of Table 1 as a function of gravity and temperature using this value of microturbulence.
Derivation of gravity and effect of assumed temperature
The profile of 5269.6 Fe i for Arcturus can now be calculated as a function of T Q and gravity knowing 7 ra(i and taking C 6 as 9 x lO" 33 (para 3), both the abundance and the microturbulence having been found for a range of these parameters. Hence, for each assumed temperature we can derive a value of logg to obtain a fit with the observed profile. For 4500 K the derived iron abundance is 7.10 ([Fe/H] = -0.40) and logg = 1.55, whilst for 4000 K the abundance is 6.46 ([Fe/H] = -1.04) and logg = 1.20. The gradient of logg with temperature is i/logg/<ir= 0.07/100 K. This is, as expected, much smaller than the gradient found by Mäckle et al (1975a) from the ionization method, namely 0.5/100 K. As the final interpretation hinges to a limited extent on the assumed value of T e , we briefly discuss in the next section the appropriate value of T e .
7 The effective temperature of Arcturus An effective temperature of 4260 K, based on colours and continuum scans, has recently been proposed by Mäckle et al (1975a) , whilst Williams (1971) obtained 4338 K from colours. Van Paradijs & Meurs (1974) adopted the value of 4350± 50 K derived from colours and the variation of the observed iron abundance with excitation potential. For reasons given in paragraph 1 we believe it is unsafe to rely on excitation and ionization equilibrium to obtain r e , and also to obtain logg. This view is also that of Ayres & Linsky (1975) who suggest the Mäckle temperature is too low. A temperature of 4500 K has been obtained by Blackwell et al (1975b) , based on continuum scans made by these authors at the Wise Observatory in Israel, in combination with observations made by other authors. The flux distribution was interpreted using model atmospheres computed by Carbon & Gingerich (1969) and including as opacity sources, H", H, Mg, Si, Fe, Thomson scattering by e", Rayleigh scattering by H, He and H 2 . Account was also taken of an interpretation of the same flux distribution made by Cayrel de Strobel (private communication) using unpublished model atmospheres for T Q = 4400 K computed from the programme of Peytremann (1974) . We have now computed the continuum flux given by the models of Bell et al (1976) . Wavelength(|i) Figure 3 . Comparison of observed and calculated continuum flux distribution for Arcturus. The ordinate is log F ca j c -log F 0 b s normalized to zero at =2m. The curves are identified according to the model atmospheres used; CG (Carbon & Gingerich) , P (Peytremann), followed by the value of T e (K).
Gingerich (4500 K, also scaled to 4400 K and 4300 K), Bell (4500 K) and Peytremann (4400 K), shows that apparently none of these model atmospheres will reproduce the observed flux distribution for X > 0.5m, where the line blanketing is small. This diagram suggests that the Mäckle temperature of 4260 K is too low, and on the basis of the Bell atmosphere, the Blackwell temperature of 4500 K is too high. The assignment of a temperature between the limits of 4300 and 4500 K must be rather arbitrary, depending on which atmosphere is preferred, the relative importance attached to the deviations from the observed distribution at various wavelengths, and a judgment about the probable error of the adopted observed distribution, which may be as much as 0.04 dex for X = 1m, relative to the flux at 2m. There is no published Bell model atmosphere for 4400 K, but we have estimated the flux distribution by reducing the calculated flux distribution for 4500 K at each wavelength in the ratio 4000 k/^cg 450010 where 7^q44ook refers to the flux given by the scaled Carbon & Gingerich model; this curve is 0.015 dex below the observed flux distribution at 1m. With all these factors in mind, our judgment is that T e =4400^3ok-This value is adopted in the remainder of this paper, but we note that we would derive a similar value for the gravity of Arcturus if we were to use the Mäckle temperature.
8 The gravity, mass, microturbulence and abundance of iron in Arcturus Table 3 gives the value of gravity and microturbulence obtained from this investigation, corresponding to T e = 4400 K. The applicability of the method depends on the relative values of 7 rad and y w for X 5269.5 because if they are comparable the profile is insensitive to gravity. The value of 7 ra d calculated in paragraph 3 is 0.12 x 10 8 s" . These values show that the method is safe for log#= 1.48, but for log# = 0.9 the total damping is insufficiently different from radiative damping to make the method reasonably sensitive. The fit between the profile of X 5269.5 in Arcturus, as observed by Griffin, and the calculated profile is shown in Fig. 4(a) . The continuum level shown here is that adopted by Griffin. It is unlikely that the true continuum is lower than this, and in Fig. 4(c) we show the effect of raising the continuum by 2 per cent: a fit between calculated and observed profiles is then obtained for logg =1.53. In Fig. 4(b) and (d) we show the calculated profile for the Mäckle value logg = 0.9 compared with the observed profile. The fit is not as good as it is for logg= 1.48, showing that the Mäckle value is considerably too small. The proposed value of gravity, logg = 1.48, is in excess of the Mäckle value of log g = 0.9 ± 0.35. However, the Mäckle value is sensitive to temperature, and it is interesting that if a temperature of 4400 K were adopted in the Mäckle analysis the resulting gravity would be logg= 1.5 (Mäckle et al 1975) . This suggests that the difference between the two analyses results chiefly from the difference between the adopted values of T e , our own value of logg being insensitive to temperature. Our micro turbulence value of 2.2 km/s compares with the Mäckle value of 1.8 km/s, a value of 2 km/s obtained by Sikorski (1976) using the Goldberg-Unno method and a value of 1.7 ± 0.4 km/s found by Gustafsson, Kjaergaard & Andersen (1974) The mass of Arcturus may be found from the gravity knowing the radius of the star. To derive this we adopt the angular diameter of 0.0201 ±0.0010 arcsec deduced by Blackwell & Shallis (1977) from infrared photometry. The corresponding radius for a distance of 11 pc (Allen 1973 ) is 23.6R @ . Use of this radius, and the gravity, log# = 1.48 ± 0.15, gives a mass of 0.61 ± 0.32AT©, which should be compared with the mass range of O.lAf®-0.6Af© found by Mäckle. However, it should be noted that in deducing this mass range Mäckle et al have adopted an angular diameter of 0.024 arcsec corresponding to a radius of 28/?©; had they used our adopted radius of 23.6/?© their mass would have been a factor 0.71 smaller than their quoted value, i.e. 0.01 to 0.4/1/©. In spite of the inaccuracies of our own analysis, we suggest that the apparent anomaly in the mass of Arcturus is perhaps not so great as previously suggested by Mäckle et al Other spectroscopic determinations have also given low masses for some red giant stars. For example, those of Helfer & Wallerstein (1968) , even when revised by Pagel & Tomkin (1969) , are still on average less than the solar mass.
We emphasize that this analysis is a preliminary one only, done to illustrate the suggested method, and that it is capable of improvement in accuracy for Arcturus by the further development of the laboratory technique so that weak lines in cool stars may be measured.
